Universal quasiparticle decoherence in hole- and electron-doped high-T c cuprates 
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We use angle-resolved photoemission to unravel the quasiparticle decoherence process in the high- 
Tc cuprates. The coherent band is highly renormalized, and the incoherent part manifests itself 
as a nearly vertical "dive" in the E-k intensity plot that approaches the bare band bottom. We 
find that the coherence-incoherence crossover energies in the hole- and electron-doped cuprates are 
quite different, but scale to their corresponding bare bandwidth. This rules out antiferromagnetic 
fluctuations as the main source for decoherence. We also observe the coherent band bottom at the 
zone center, whose intensity is strongly suppressed by the decoherence process. Consequently, the 
coherent band dispersion for both hole- and electron-doped cuprates is obtained, and is qualitatively 
consistent with the framework of Gutzwiller projection. 



Understanding the electronic structure and properties 
in strongly correlated systems, in particular in the high- 
Tc cuprates, has been a main focus in condensed mat- 
ter physics over the past two decades. Unlike in simple 
metals and insulators, the presence of strong correlation 
makes the predictions of band calculations such as the 
LDA unreliable. Much of the theoretical understand- 
ing, based upon studies of Hubbard-like models, is the 
existence of strongly renormalized coherent quasiparticle 
excitations of a much reduced bandwidth a la Brinkman- 
Rice pj and Gutzwiller wavefunctions Q, and large in- 
coherent background of the Mott-Hubbard 3] type that 
extends to the bare band edge 0. Both features have 
been ubiquitously observed in the cuprates, yet the pre- 
cise description of the one-particle spectral function over 
the range of bare bandwidth provided by LDA remained 
incomplete due to the complexity of this many-body 
problem. The correlation-induced thermodynamic mass 
renormalization in the cuprate is ~ 3, which can be di- 
rectly extracted from the renormalized Fermi velocity de- 
termined from angle-resolved photoelectron spectroscopy 
(ARPES) in the prototype Bi 2 Sr 2 CaCu208 + 5. Many 
ARPES measurements have been performed to determine 
the band dispersion in the high-T c cuprates. Remarkably, 
the band dispersion for the quasiparticle excitations can 
only be traced up to ~ 350 meV, above which the band 
seems to disappear and the anticipated band bottom at 
the r (0,0) point has not been identified jjj. A recent 
ARPES on the undoped cuprate Ca2Cu02Ci2 also found 
that the renormalized band is truncated around 350 meV, 
and the incoherent part at high energy seems to follow 
the bare band dispersion predicted by LDA [(|. It was 
suggested that the cause of this truncation is the anti- 
ferromagnetic fluctuations, with a characteristic energy 
scale of 2J, where J ~ 120 — 160 meV is the superex- 
change coupling of the Cu-0 square lattice. 

In this Letter, we report a systematic APRES study on 



the complete band dispersion of various cuprates, includ- 
ing hole-doped Pb 2; Bi2- a ;Sr2Cu06+5 and electron-doped 
Pri_ a; LaCe a; Cu04. The most important of our findings 
is that the truncation energy scale of the coherence- 
incoherence crossover is not fixed around 350 meV, or 
~ 2 J, instead it is determined by and scales with the 
bare bandwidth. In the electron-doped cuprates, this 
crossover along Y — X occurs around ~ 600 meV, much 
larger than the value (350 meV) in the hole-doped ones. 
At binding energies above the crossover, the incoherent 
part of the spectrum takes the form of a nearly vertical 
dispersion around a fixed crystal momentum k, and ap- 
proaches the bare band bottom predicted by LDA. In 
addition, we observe for the first time the bottom of 
the renormalized band whose intensity is strongly sup- 
pressed. The complete determination of the coherent 
part of the occupied Cu3d x 2_ y 2 band enables us to pro- 
vide the tight-binding parameters and compare to the 
more realistic quasiparticle dispersion calculated from 
models with strong local correlation. We find that the 
renormalized dispersion obtained from the Gutzwiller 
projected wavefunction approach to the t — J like mod- 
els is a promising candidate for the observed low energy 
quasiparticle band. 

High quality single crystals of cuprates 
Pb x Bi 2 _ x Sr 2 Cu0 6+5 (Pb-Bi2201), Bi2Sr 2 CaCu 2 8+5 
(Bi2212), and Pr 1 _ x LaCe :E Cu04 (PLCCO) were pre- 
pared by the the traveling solvent floating zone method, 
and some were annealed subsequently. ARPES exper- 
iments were performed at the Synchrotron Radiation 
Center, WI, and the Advanced Light Source, CA. High- 
resolution undulator beamlines and Scienta analyzers 
with a capability of multi-angle detection have been 
used. The energies of photons were carefully chosen 
in order to enhance certain spectral features. The 
energy resolution is ~ 10-30 meV, and the momentum 
resolution ~ 0.02 A" 1 . All the samples were cleaved and 
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measured in situ in a vacuum better than 8 x 10 -11 Torr 
at low temperatures (14 - 40 K) on a flat (001) surface, 
and all the spectra shown below have been reproduced 
on multiple samples. 
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FIG. 1: Dispersion of coherent and incoherent bands along 
r — X in Pb-Bi2201 measured at 20K using 57-eV s-polarized 
photons, (a) - (d) Plots of E-k intensity, EDCs, MDCs, 
and the second derivative intensity, respectively. The inset 
in panel (a) displays the measurement locations in BZ. In 
panel (d), three extra lines of dispersion extracted from EDCs 
(red), MDCs (yellow), and LDA calculation (black) are also 
superimposed for the comparison purpose, (e) Magnified plot 
for EDCs near V. (f) Comparison of three EDCs at the Al- 
locations labeled as #1 to #3 in Fig. la. The inset shows two 
EDCs of Bi2212 at the similar fc-locations as #1 and #2, but 
using p-polarized photons. 

We start with a set of spectra along Y — X on a hole- 
doped PbzBi2_xSr2Cu06+,5 (overdoped T c ~ 7K), as 
shown in Fig. 1. The reason we choose this material is 
that the Pb substitutions remove the superlattice modu- 
lation in Bi-0 plane, which often complicates ARPES 
spectra Q. The spectra were taken along Y — X in 
the second Brillouin zone (BZ) using 57-eV s-polarized 
(A || YX) photons to enhance various features at high 
binding energy (> 350 meV). In Fig. la, one can easily 
follow the dispersive band at low energy (< 350 meV). 
This band is the well-know Zhang- Rice singlet 8], with 
the predominant Cu3d x 2 _ y i-02p x tV antibonding orbital. 
While the Fermi vector fcp is almost the same as the one 
predicted by LDA, as shown in Fig. Id, its dispersion ve- 
locity Vk (~ 2.1 eVA) is much smaller than the LDA value 
(~ 5.2 eVA) consistent with previous ARPES results 
lHH EH- Note that the Fermi velocity v F (~ 1.6 eVA) 
at hp is even smaller due to a further renormalization by 
the observed nodal kink at ~ 70 meV |l2|, [l3| , which is 
difficult to visualize at the large energy scale in Fig. 1. 
At higher binding energy (> 350 meV), the spectrum be- 
comes ill-dehned. While the intensity plot (Fig. la) seems 
to indicate that the spectra abruptly "dive" almost verti- 
cally from 350 meV to at least 1 eV, this diving behavior 



does not expressed itself as a peak in the energy distribu- 
tion curves (EDCs) (Fig. lb). Instead, an enhancement 
in the EDC background is observed at the fc-location of 
the dive around (7r/4, 7t/4) and equivalent k points in 
other BZs, as shown in Fig. If where the EDC at the 
dive location (# 2, as marked in Fig. la) has a higher 
background than its neighboring EDCs (e.g., # 1 and 
# 3). The diving behavior is reflected more clearly in 
the momentum distribution curves (MDCs), as shown in 
Figs. Id where the MDCs seem to maintain their peak 
shape. Since the dive completely loses the peak (or pole) 
structure in energy, strictly it is no longer a band. Never- 
theless, it is likely the incoherent part of the Cu3d x 2_ y 2- 
02px.y (or ZRS) spectrum, since it maintains the d x 2_ y 2 
symmetry. We have verified this symmetry, as shown in 
the inset of Fig. If, where both the coherent band and 
the dive are suppressed by p-polarized light (A _L YX). 
This is due to a well-known ARPES selection rule 01 • I n 
addition, we have also observed that the intensity ratio 
between these two features is roughly a constant when 
we change s and p polarization components, supporting 
that the dive is the incoherent part of the band. 

So far we have shown that the coherent ZRS band dis- 
perses to a certain energy (~ 350 meV) and then abruptly 
switches to the incoherent part at the higher energies. 
However, if we take a closer look at the EDCs in the 
vicinity of T, we observe the smooth continuation of the 
coherent band, which reaches the bottom around 0.5 eV 
at r, as shown in Fig. le. This is the long-sought-after 
renormalized band bottom, and the reason we can ob- 
serve it for the first time is due to several combined fac- 
tors such as the superlattice free sample, a proper photon 
energy, and the second BZ, all of which enhance the in- 
tensity of the high-energy features. We note that the 
coherent band starts to lose its intensity at the same en- 
ergy where the incoherent diving pattern begins to form, 
indicating a weight transfer between the coherent and 
incoherent parts. The bottom of the coherent band can 
be also visualized, as shown in Fig. Id, from the second 
derivative of the intensity with respect to energy which 
enhances broad horizontal features. In Fig. Id, we com- 
pare the dispersion of the coherent band with the calcu- 
lated one from LDA, along with the dispersion extracted 
from MDCs. It is clear that the coherent band, with a 
well-defined parabolic shape, is highly renormalized, and 
the vertical feature is likely the incoherent part, which 
approaches the bottom of the bare band. 

We have observed very similar behaviors of the 
coherence-incoherence crossover in the bilayer system 
Bi2Sr2CaCu208+t5, except the superlattice in this mate- 
rial makes it difficult to observe the bottom formation of 
the coherent band at Y. Like in Pb-Bi2201, the incoher- 
ent part in Bi2212 deviates from the coherent part around 
350 meV, and approaches almost vertically the bare band 
bottom around 1.5 eV. Since the 350 meV energy scale of 
the coherence-incoherence crossover has been attributed 
to the antiferromagnetic fluctuations whose characteris- 
tic energy scale 2 J has a similar value Q, it is natural to 
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FIG. 2: Dispersion of the coherent and incoherent bands near 
r - X in PLCCO measured at 40 K using 22-eV photons, (a) 
- (d) Plots of E-k intensity, second derivative intensity, EDCs, 
and MDCs, respectively. The inset in panel (b) displays the 
measurement locations in BZ. The superimposed curves in 
panel (b) are the extracted EDC positions (red), fitted MDC 
positions (yellow), non-hybridized LDA band (solid black), 
and hybridized LDA bands (dashed green). 



check if a similar coherence-incoherence crossover exists 
in the electron-doped cuprates. We have searched for 
this crossover on various electron-doped cuprates, and 
the main results are presented in the following two fig- 
ures. 

We first show, in Fig. 2, the dispersion of the electron- 
doped cuprate Pr .88LaCeo.i2Cu04 (T c ~ 23 K) near 
r — X using 22-eV p-polarized photons. Since the band 
intensity exactly along r — X is highly suppressed due 
to the selection rule mentioned above, we choose to dis- 
play the dispersion along the parallel direction slightly 
away from the T — X direction, as indicted in the inset 
of Fig. 2b. A quick examination of the plots of Fig. 2 
reveals a major difference to the hole-doped materials: 
the coherent band in PLCCO extends to a much higher 
binding energy. The separation of the incoherent part 
occurs around 0.6-0.7 eV, which also forms a diving pat- 
tern at higher binding energy, as seen in both the inten- 
sity plot in Fig. 2a and the MDCs plot in Fig. 2c. We 
note that the diving pattern appears to be shorter than 
the one in the hole-doped cuprates. We believe that this 
is due to the hybridization between the Gu3d x 2_ y 2 band 
and some other bands, as predicted by LDA calculations 
[l5| and shown in Fig. 2b (dashed green curves). The 
bare Cu3d x 2 _ y 2 band, while not mixing with those bands, 
reaches the bottom around 2.1 eV, as indicted in Fig. 2b 
(solid black curves) 0|. In comparison, the coherent 
part has its band bottom around 0.8 eV, indicating a 
mass renormalization of 2.5, similar as in the hole-doped 
case. 

The different energy scale of the coherence- incoherence 
crossover in the electron-doped cuprates, as observed in 
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FIG. 3: Comparison of band dispersion between M — X 
in PLCCO using 22-eV photons and T — X in Pb-Bi2201 
using 57-eV photons, (a) - (b) E-k intensity plots for M — 
X in PLCCO and V — X in Bi2201, respectively, (c) - (d) 
Corresponding second derivative plots for panels (a) and (b), 
respectively. MDC dispersion (red lines) and bare band from 
LDA (black lines) are superimposed to the plots in panels (c) 
and (d). 



PLCCO and confirmed in other electron-doped materi- 
als, such as Pr 2 _a;Ce 2 ,Cu04 and Nd2- K Ce a; Cu04, argues 
strongly against the antifcrromagnetic scenario. Instead, 
the same mass renormalization ratio in both cases sug- 
gests that this energy scale may be related to the bare 
bandwidth. This is also true in the electron-doped ma- 
terial along another high-symmetry direction, M — X , as 
can be seen in Fig. 3. It is well known that the van-Hove 
saddle point shifts to a much higher binding energy (~ 
0.4 eV) in the electron-doped cuprates Over the 

wide energy range, the Cu3d x 2 _ y 2 band dispersion along 
M — X in PLCCO has many similarities to the band 
along r — X in Bi2201, as shown in Fig. 3. The coherent 
part along M — X in PLCCO, while being quite broad 
due to the possible stronger interactions near the antin- 
ode, extends to an energy scale (~ 0.25 eV) when the 
incoherent part takes a dive. The bottom of the coher- 
ent part at M is estimated to be ~ 0.3 eV, and the bare 
band position at M is calculated by LDA to be ~ 0.7 eV. 
For comparison, we draw both intensity plot and second 
derivative plot of Pb-Bi2201 in the left panels of Fig. 3 in 
a slightly reduced energy scale. We also notice that there 
is a small kink at ~ 70 meV along M — X in PLCCO, 
which resembles the well-know and much-debated nodal 
kink in the holed-doped cuprates [l2l Il3l| . We caution 
that the origin of the antinodal kink in PLCCO may not 
be the same as the antinodal one in the hole-doped case, 
and call for more systematic studies. 

We have measured band dispersion along many di- 
rections in the BZ for various hole- and electron-doped 
cuprates. In Fig. 4, we summarize our main results as 
a comparison between the coherent band dispersion and 
the bare band dispersion predicted by LDA along several 
high-symmetry directions, for both Pb-Bi2201 (T c ~ 7 
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FIG. 4: Summary of coherent band dispersion along three 
principle directions (T-X, X-M, and M-Y) for hole- and 
electron-doped cuprates. (a) - (b) Measured coherent band 
position (red dots), tight-binding fit (black solid line), and 
LDA band dispersion (blue dashed line) in Pb-Bi2201 and 
PLCCO, respectively. The inserted tables are the obtained 
fitting parameters. 

K) and PLCCO (T c - 23 K) samples. We also use the 
effective tight-binding band to fit the coherent disper- 
sion, using the standard formula as in previous work 
Since ARPES only measures the occupied side, we adapt 
the previous method |5j by choosing the unoccupied band 
top at X (tt, 7t) in such a way that it maintains the same 
band renormalization ratio (~ 2.5) as the occupied side. 
We use the six free parameters (to to £5) with £0 being 
the chemical potential, t\ the nearest neighboring hop- 
ping term, and £2 to £5 the higher order hopping terms. 
The numeric values of these parameters are also listed 
in Fig. 4. The large difference of £0 (~ 0.4 eV) between 
the two systems indicates a large chemical shift from the 
hole doped side to the electron doped side, which is likely 
the main cause of the downshift of (~ 0.4 eV) of the van 
Hove singularity in the electron-doped cuprates. 

In summary, we have determined by ARPES the com- 
plete low energy quasiparticle dispersion and elucidated 
its unusual evolution to the high energy incoherent back- 
ground in both hole- and electron-doped cuprates. The 
reduction of the bandwidth from its bare value is most 
likely the result of strong local correlations that frustrate 
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the kinetic energy. This is overall consistent with the 
Gutzwiller projected wavefunction approach to simple 
models of doped Mott insulators . Detailed compar- 
isons would require measurement of the doping depen- 
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romagnetic exchange energy 2 J, ruling out the latter as 
the main cause of quasiparticle decoherence at high bind- 
ing energies. Moreover, it appears more universal that 
the incoherent spectrum beyond the decoherence energy 
takes a vertical dive with a nearly fixed k ~ (7r/4,7r/4), 
approaching the bottom of the bare band in what seems 
to be the "cheapest" way for the renormalized quasipar- 
ticles to return to their bare form. The origin of these 
unexpected behaviors is largely unknown and demands 
more understanding of the interplay between the coher- 
ent quasiparticle and collective excitations and the domi- 
nant incoherent processes in the spectral function, which 
has been one of the central challenges in the physics of 
strong correlations. 
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